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Abstract.  We have recently identified a novel 190-kD 
calmodulin-binding protein (p190)  associated with the 
actinobased cytoskeleton from mammalian brain (Lar- 
son, R.  E., D. E. Pitta, and J.  A. Ferro.  1988. Braz. 
J.  Med.  Biol.  Res.  21:213-217;  Larson, R. E., E  S. 
Espindola, and E. M.  Espreafico.  1990. J.  Neuro- 
chem.  54:1288-1294).  These studies indicated that 
p190  is a phosphoprotein substrate for calmodulin- 
dependent kinase II and has calcium- and calmodulin- 
stimulated MgATPase activity. We now have biochem- 
ical and immunological evidence that this protein is a 
novel calmodulin-binding myosin whose properties in- 
clude (a) Ca  2+ dependent actin activation of its Mg- 
ATPase activity, which seems to be mediated by Ca  2+ 
binding directly to calmodulin(s) associated with p190 
(maximal activation by actin requires the presence of 
Ca  2+ and is further augmented by addition of exog- 
enous calmodulin); (b) ATP-sensitive cross-linking of 
skeletal muscle F-actin, as demonstrated by the low- 
speed actin sedimentation assay; and (c) cross-reactiv- 
ity with mAbs specific for epitopes in the head of 
brush border myosin I. We also show that p190 has 
properties distinct from conventional brain myosin II 
and brush border myosin I, including (a) separation of 
p190  from brain myosin II by gel filtration on a Seph- 
acryl S-500 column; (b) lack by p190 of K+-stimulated 
EDTA ATPase activity characteristic of most myosins; 
(c) lack of immunological cross-reactivity of polyclonal 
antibodies which recognize p190 and brain myosin II, 
respectively; (d) lack of immunological recognition of 
p190 by mAbs against an epitope in the tail region of 
brush border myosin I; and (e) distinctive proteolytic 
susceptibility to calpain. A  survey of rat tissues by 
immunoblotting indicated that p190 is expressed pre- 
dominantly in the adult forebrain and cerebellum, and 
could be detected in embryos 11  d post coitus. Immu- 
nocytochemical studies showed p190 to be present in 
the perikarya and dendritic extensions of Purkinje cells 
of the cerebellum. 
C 
ALCIUM ions have direct and modulatory roles in sev- 
eral  neuronal  functions:  neurotransmitter  release 
(Augustine et al., 1987; Smith and Augustine, 1988), 
synaptic plasticity (Kandel, 1981; Kennedy, 1989), and spe- 
cialized  cellular  motility,  such  as  axoplasmic  transport 
(Ochs,  1982), neurite extension (Lankford and Letourneau, 
1989), and growth cone motility (Kater et al.,  1988). Cal- 
modulin is  the major intracellular receptor of Ca  2+,  and 
mediates Ca  2+ action in at least some aspects of all three 
of these neuronal functions.  Cytoskeletal organization 
and contractile elements are exquisitely involved in these 
functions and several cytoskeletal and associated proteins 
in brain have been identified as calmodulin-binding pro- 
teins (Sobue et al.,  1987). 
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The actin cytoskeleton is concentrated at the leading edge 
of active growth cones (Letourneau, 1981; Smith, 1988) and 
is essential for their motility (Forscher and Smith, 1988). An 
actin network of filaments has been visualized in postsynap- 
tic densities (Rather and Mahler,  1983) and an hypothesis of 
synaptic plasticity based on contraction-generated  dendritic- 
spike movements has been proposed (Crick, 1982). Also, the 
dynamic assembly of  the actin cytoskeleton  has been demon- 
strated  in  synaptosomes  and  during  transmitter  release 
(Bernstein and Bamberg,  1989). These studies lead to the 
question of the identity of the force generators in the actin 
cytoskeleton. 
Myosin II has been purified and characterized biochemi- 
cally from brain of several vertebrate species (Barylko and 
Sobieszek,  1983; Hobbs and Frederiksen, 1983; Malik et 
al.,  1983; Matsumura et al.,  1989) and identified by im- 
munolocalization in synaptic junctions (Beach et al., 1981), 
neurites (Kuczmarski and Rosenbaum,  1979), and growth 
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II has been postulated to be involved with actin in contractile 
events mentioned above (see Letourneau, 1981), as of yet no 
direct demonstration of this has been forthcoming and the 
exact role of brain myosin II remains unknown. Consider- 
able biochemical work in amoeba (for review see Pollard et 
al.,  1991) and recent advances in molecular genetics (see 
Kiehart, 1990) have shown "myosins" to be a family of dis- 
tinct molecules which include two major types, myosin iso- 
forms I and II, as well as examples of unconventional myo- 
sins whose classification is still not clear- such as the ninaC 
proteins of  Drosophila retina (Montell and Rubin, 1988), the 
product  of the  MYO2  gene  in  Saccharomyces cerevisiae 
(Johnston et al.,  1991), and the gene product of the mouse 
dilute locus (Mercer et al.,  1991). Recently, a myosin I has 
been localized to the leading edge of locomoting amebas 
(Fukui et al.,  1989),  whereas myosin II localized to  the 
posterior region, suggesting distinct roles in the same cell for 
these myosins in mechanisms of cellular motility. Extending 
these findings to higher organisms, one might expect novel 
myosins to be  involved in  specific aspects of actin-based 
cytoskeletal dynamics, including those related to neuronal 
function. 
We have  recently identified a  novel calmodulin-binding 
protein  (p190)  in  mammalian brain,  associated  with  the 
actin-based cytoskeleton (Larson et al., 1988; Larson et al., 
1990). In this paper we present biochemical and immunolog- 
ical evidence that p190  has  myosin-like properties  which 
make it a potential molecular motor, yet is distinct from con- 
ventional brain myosin II. Immunolocalization studies show 
this molecule to be enriched in brain and demonstrable in 
Purkinje  cells  of the  cerebellum.  Preliminary reports  of 
these findings have been published in abstract form (Larson 
et al. 1988. Society  for Neurosci. Abstr. 14:436;  Espreafico 
et al.,  1990. J.  Cell Biol.  11l:167a.). 
Materials and Methods 
Materials 
Alkaline  pbosphatase conjugated  to  goat  anti-rabbit  IgG(Fc)  and  goat 
anti-mouse IgG(H+L)  were purchased from Promega Corp.  (Madison, 
WI); rabbit antiplatelet myosin (human) was from Biomed. Technols. Inc. 
(Baltimore,  MD).  PMSE  trifluoperazine  (TFP), 1 bromochloroindolyl 
phosphate, nitrotetrazolium blue, ATE  DTT,  and EGTA were purchased 
from Sigma Chem. Co.  (St. Louis, MO).  Octyl-Sepharose, Q-Sepharose 
Fast Flow, and Sephacryl S-500 were purchased from Pharmacia LKB Bio- 
technology Inc. (Piscataway,  NJ). Nitrocellulose sheets were Hybond-C ex- 
tra from Amersham Corp. (Arlington, IL). Other chemicals were of analyti- 
cal grade. 
Preparation of  Proteins 
Brain actomyosin (BAM) was prepared from rabbit, rat, and chick (1-5-d- 
old) brains as described previously (Larson et al.,  1990);  a pl90-enriched 
preparation (PEP) was obtained from these animals by a modification of 
Larson et al.  (1990)  as summarized below.  Immunoblot analysis of each 
fraction along the purificiation scheme was performed to provide a rough 
estimate of protein yield.  All procedures were performed on ice. Brains 
were rapidly removed from decapitated animals and dropped into ice-cold 
homogenization buffer A (",,12 ml/g of brain tissue) consisting of 25 mM 
Tris-HC1,  pH 8.5, 10 mM EDTA,  5 mM ATE 2 mM 2-mercaptoethanol, 
and 0.3 mM PMSE Brains were homogenized with a high-speed shearing 
1,  Abbreviations used in this paper:  BAM, brain actomyosin; BB, brush 
border;  NC,  nitrocellulose;  PEP,  pl90-enriched  protein;  TFP,  trifluo- 
perazine. 
homogenizer in batches so that the maximum time from decapitation to 
homogenization was  <5  min.  The total  homogenate was centrifuged at 
17,000 g for 40 min. Variable amounts of brain myosin II relative to p190 
can be obtained at this step-longer extraction time before centrifugation, 
i.e., >20 min, increases the amount of myosin II in the final preparation. 
The resulting supernatant, which by immunoblot analysis generally con- 
tained about half the total  p190  present in the  initial  homogenate, was 
filtered through  glass wool and  dialyzed for 20  h  against two  changes 
(4 liters each) of 20 mM Tris-HCl, pH 7.5,  1 mM EDTA, 50 mM KCI, 
2  mM 2-mercaptoethanol, and 0.2 mM PMSE  The fine precipitate that 
formed (about half of the total p190 present in the dialysate) was collected 
by centrifugation at 17,000 g for 40 rain and resuspended in 25 mM Tris- 
HCI, pH 8.0, 50 mM KCI, 10 mM EGTA, and 10 mM EDTA ("~3 ml/5 g 
of brain).  Triton X-100  was added to  1%;  the solution was warmed to 
25~  and then homogenized and centrifuged at 17,000 g for 30 min at 4~ 
The pellet was washed in 25 mM Tris-HCI, pH 8.0, and recentrifuged. Fi- 
nally, the pellet was resuspended in 25 mM Tris-HCI, pH 8.0, and kept on 
ice until  used. 
Calpain was purified from rat brain based on the method of Fox et al. 
(1985),  with modifications. Briefly, brains from 30 rats were homogenized 
in 120 ml of  buffer B (25 mM Tris-HCl, pH 8.0, 1 mM DTT, 0.3 mM PMSE 
and 1 mM NaNa)  containing 10 mM EDTA and 10 mM EGTA, and cen- 
trifuged at  15,000  g  for 30  min.  The  supernatant  was  recentrifuged at 
100,000 g for 60 min, and this supernatant was loaded onto a Q-Sepharose 
column (1.5 ￿  20 cm) equilibrated in buffer B containing 1 mM EDTA and 
eluted with 125 ml of 300 mM KCI in the same buffer.  The eluate was ap- 
plied to an octyl-Sepharose column (1.5  ￿  20 cm) equilibrated at 25~  in 
buffer B  containing 300  mM  KC1 and  1 mM EDTA.  The column was 
washed with 10 vol of the same buffer and then eluted with buffer B adjusted 
to pH 7.2. Fractions containing calpain were identified as possessing Ca  2+- 
dependent casein proteolytic activity.  These fractions are probably com- 
posed of  a mixture ofcalpain I and II. They were stored at 2-4~  until used. 
Calmodulin was purified from bovine brain as described by Gopalakrishna 
and Anderson (1982).  Skeletal muscle actin was prepared as described by 
Spudich and Watt  (1971). Protein concentration was determined by the 
method of Hartree (1972). 
Assay for ATPase Activity 
ATPase activity was determined by measuring the inorganic phosphate 
released from ATP by method of Heinonen and Lahti (1981). The reaction 
was carried out at 37~  in a final volume of 200/~1. MgATPase activity was 
assayed in 25 mM imidazole-HC1, pH 7.5,  1 mM EGTA, 0.2 mM DTT, 
1 mM ATE 5 mM MgCI2,  30-100 #g/ml of protein, and where appropri- 
ate, 2 mM CaCI2,  1.5 #M purified bovine brain calmodulin, and 50 ttM 
TFP.  K-EDTA ATPase activity was assayed  in 25  mM  irnidazole-HC1, 
pH 8.0, 1 mM EDTA, 0.2 mM DTT,  1 mM ATE 30-100 ~g/ml of protein, 
and either 0.06 M or 0.6 M KCI. Reactions were initiated by the addition 
of ATP and stopped after 30-60 min by the addition of the acid-molybdate- 
acetone solution of the Pi assay. 
Low-Speed Actin Sedimentation Assay 
Actin cross-linking activity of p190 was assessed by the induction of actin 
sedimentation at low centrifuge speed as described by Pollard and Cooper 
(1982).  The reaction media contained l0 mM Tris-HC1,  pH 8.0, 170 mM 
KCI,  1 mM MgC12, 1.0 mM DTT,  and 0.02%  NaN3  in a final  volume of 
100 #l. To the appropriate samples, 300/zg/ml of F-actin and/or 58/xg of 
p190 (pooled fraction from a Sephacryl S-500 column) were added and as- 
sayed in the presence or absence of 1 mM ATE Reactions were incubated 
at room temperature for 15 min and then centrifuged at 8,800 g for 15 min. 
The supernatants were carefully removed and the pellets resuspended in an 
equal volume of buffer.  Both were analyzed by SDS-PAGE. 
Gel Electrophoresis and lmmunoblotting 
SDS-PAGE was carried out in 7-15 % gradient minislab gels, unless other- 
wise stated, with the discontinuous system of Laemmli and Favre (1973). 
Electrophoretic transfer (Western blotting)  to nitrocellulose membranes 
was performed as described by Towbin et al. (1979).  Polyclonal antibodies 
were generated in rabbits by inoculation with brain myosin heavy chain and 
p190, respectively, purified from rats by electroelution of the polypeptides 
from BAM samples separated by SDS-PAGE on standard size 5 % gels. The 
IgG fraction of the immune sera was isolated by DEAE chromatography 
(Harlow and Lane,  1988).  The specificity of the antibody was determined 
by immunoblot analysis, Immunodetection of specific antigens on Western 
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(for polyclonals) or anti-mouse (for monoclonals) antibodies and developed 
with bromochloroindolyl phosphate and nitrotetrazolium blue (Harlow and 
Lane,  1988). 
Immunolocalization in Histochemical Slices 
Affinity-purified anti-pl90 was prepared from anti-pl90 IgG by the method 
of Olmsted (1986).  p190 from rat brain was purified by electroelution from 
5%  SDS-PAGE gels (Hunkapiller et al.,  1983)  and bound to a  1  x  2 cm 
strip of nitrocellulose (NC) which was subsequently blocked by incubation 
with 5 % dry milk in TBS-Tween. Anti-pl90 IgG solution diluted 1:10, ,',,0.5 
nag in 1 ml of TBS was incubated with the NC strip for 2 h. This solution 
was removed and the NC strip washed in TBS containing 0.05 % Tween 20. 
Monospecific antibodies against p190 were eluted off the NC strip by incu- 
bation for 5 min in 0.5 ml of 100 mM triethylamine, pH 11.5. The superna- 
tant was immediately dialyzed overnight at 4~  in TBS containing 0.05% 
Tween 20 and 0.02 % NAN3. The NC strip was reusable after a 5-min wash 
in 2 M guanidine-HC1 and several washes in TBS-Tween 20. A control solu- 
tion, "preabsorbed anti-pl90;' was prepared with the same system except 
that the anti-pig0 IgG solution diluted 1:10 was incubated twice with the 
NC strip; thus all the specific anti-pl90 antibodies were removed based on 
Western blot test. 
Adult rats were anesthetized with sodium pentabarbitol, heparinized, 
and perfused through the left ventricle with PLP fixative (10 mM periodate, 
75 mM lysine, and 0.5%  paraformaldehyde in 37 mM sodium phosphate 
buffer, pH 7.4)  as described by McLean and Nakane (1974).  Brains were 
removed and postfixed in the same fixative for 6-8 h at 4~  and then placed 
in 20% sucrose in phosphate buffer until sinking. The cerebellum was then 
either embedded in paraffin or quick frozen. 10-/~m sections were cut and 
mounted on gelatin-subbed slides. Hydrated slices were incubated for 2 h 
in TBS  containing  1%  Triton  X-100,  10%  bovine or sheep serum,  and 
0.02%  NAN3, then 24  h  at  room temperature with affinity-purified anti- 
p190 (or preabsorbed anti-p190,  as a control) in TBS containing 0.1% Triton 
X-100,  10%  bovine or sheep serum,  and 0.02%  NAN3. Incubation with 
anti-rabbit IgG conjugated with alkaline phosphatase was for 2 h and the 
reaction was developed in the dark with bromochloroindolyl phosphate and 
nitrotetrazolium blue  in  the presence of 2  mM  levamisol  (Harlow  and 
Lane,  1988). 
Results 
p190 Is a Novel Calmodulin-binding Protein Associated 
with Brain Actomyosin from Several Vertebrates 
We have previously identified a 190-kD calmodulin-binding 
protein (p190) associated with the actin-based cytoskeleton 
in  mammalian  brain  (Larson et al.,  1988;  Larson et al., 
1990).  Applying  similar  extraction procedures to  several 
vertebrate species we show in Fig. 1 that p190 and calmodu- 
lin are present in actomyosin preparations (BAM) from avian 
and mammalian brains, and can be enriched in fractions ob- 
tained from each species by a simple modification of this ex- 
traction procedure  (see  PEP in  Materials  and  Methods). 
p190 is easily detected in BAM by SDS-PAGE in 7-15% gra- 
dient gels,  migrating  slightly ahead of the heavy chain of 
brain myosin II, a well-characterized, conventional nonmus- 
cle myosin.  In the PEP fraction p190  is  the  predominant 
Coomassie blue-stained peptide, although small amounts of 
myosin II can be detected which vary slightly from prepara- 
tion to preparation. Brain actin and endogenous calmodulin 
are also present with p190 in the PEP fractions. 
Polyclonal antibodies raised in rabbits against p190 from 
rats  specifically recognize p190  in  rat and chick prepara- 
tions on Western blots, as shown in Fig. 2. This figure also 
shows  that  polyclonal antibodies  against  platelet  myosin, 
which,  according  to  the  manufacturer,  recognize  several 
nonmuscle  myosins  but  not  skeletal,  smooth,  or  cardiac 
Figure 1. Actin cytoskeletal preparations from brain of several ver- 
tebrate species contain p190. For each species a brain actomyosin 
preparation (left) is compared with a pl90-enriched  preparation 
(right). Samples were analyzed by SDS-PAGE  on 7-15% gradient 
gels stained with Coomassie blue R-250. These fractions had very 
similar polypeptide profiles for each of the species, including en- 
richment of brain myosin heavy chain (MHC) in BAM and of t)190 
in the PEP fraction. A, brain actin; CM, endogenous calmodulin. 
myosins, clearly recognized brain myosin II heavy chain, but 
not p190. 
Together,  these  experiments demonstrate that  p190  and 
calmodulin  are  associated  with  the  actin  cytoskeleton in 
brain from several vertebrate species and that p190 is a dis- 
tinct molecule from brain and other nonmuscle myosins. 
Purification  of  pl90-Calmodulin Complex 
To  separate  p190  from  brain  myosin  II  and  actin,  BAM 
preparations  from  rabbits  were  solubilized  in  an  ATP- 
pyrophosphate buffer, and clarified by centrifugation; and 
the supernatants were applied to a Sephacryl S-500 column. 
This  purification procedure resulted  in  yields  of purified 
p190 in the range of 1-10% based on qualitative assessment 
of immunoblots of the various fractions throughout purifica- 
tion (100-200 #g from 12 rabbits).  A  typical fractionation 
analyzed by SDS-PAGE is shown in Fig. 3 A. p190 was eluted 
in the fractions following the peak of myosin II identified by 
its 200-kD heavy chain and three light chains (16-18 kD). 
Note that the endogenous calmodulin coeluted with the p190, 
well ahead of its exclusion volume, implicating its associa- 
tion with p190 during chromatography. Lastly, fractions en- 
riched in brain actin were eluted. Purified brain myosin II 
and p190 were obtained from pools 1 and 2, respectively, by 
precipitation in Tris buffer (Fig.  3 B). 
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muscle myosin. Western blots of brain actomyosin preparations 
with approximately equivalent amounts of p190 and brain myosin 
II are shown for chicks (c) and rats (r). A blot stained for protein 
with india ink is shown on left. Equivalent blots were probed with 
polyclonal  antibodies against platelet myosin  II (anti-platelet MII), 
p190 (anti-pl90), and a  mixture of both  antibodies (anti-Mll- 
p190), as indicated. MHC, myosin heavy chain. 
p190-Calmodulin Complex Has Actin-activated 
ATPase Activity in the Presence of Ca  2§ 
Pooled and concentrated fractions of  purified p190 and brain 
myosin II (Fig. 3 B) obtained from Sephacryl S-500 chroma- 
tography were assayed for ATPase activity (Table  I).  The 
p190  fraction had low MgATPase activity which was  not 
affected by the addition of Ca  2§  purified bovine calmodu- 
lin,  or  TFP.  The  addition of the  brain  actin  fraction or 
purified muscle actin increased the MgATPase activity by 
1.9-fold and 3.5-fold,  respectively, although these data are 
not statistically significant. However,  the addition of brain 
actin fraction to p190 in the presence of Ca  2§ and Ca2+/cal  - 
modulin stimulated the ATPase activity by 20- and 15-fold, 
respectively. Purified muscle actin mimicked these effects 
but to a lesser degree. Brain myosin H also has MgATPase 
activity which, in the presence, but not in the absence, of 
Ca~+/calmodulin  was  stimulated almost twofold by  either 
brain or muscle actin (see also Tanaka et al.,  1986).  The 
maximum specific activity attained by brain myosin II was 
only 40% of that of p190. These data indicate that p190, in 
the presence of Ca  2§  is an actin-activated ATPase and that 
the brain actin fraction may contain factors which potentiate 
this activity for p190 but not for brain myosin II. 
Although the p190 fraction has actin-activated MgATPase 
activity similar to myosin, its K-EDTA ATPase activity was 
not typical of myosins, since increasing KCI from 0.06 to 
0.6 M did not stimulate ATPase activity in the presence of 
EDTA (Table I). Brain myosin II, on the other hand, showed 
typical K-EDTA ATPase activity. 
p190 Induces and Accompanies Actin 
Sedimentation in an ATP-sensitive Manner 
under Low-Speed Cen trifugation 
Another way to assess the interaction of actin with myosin 
or other actin-binding proteins is by determining their effect 
on actin sedimentation under low-speed centrifugation (Pol- 
lard and Cooper,  1982).  Under the conditions of this assay 
F-actin alone did not sediment during low-speed centrifuga- 
tion (Fig. 4). However,  the addition of a low concentration 
of plg0 resulted in the cosedimentation of actin and p190 
when ATP was absent but not when ATP was present. The 
results show that p190 is effective in inducing the sedimenta- 
tion of actin and cosediments with actin in an ATP-sensitive 
manner. 
p190 Is Recognized by mAbs Against the Head Domain 
of  Brush Border Myosin I 
Western blots of PEP samples from rabbit, rat, and chick 
brains were probed with mAbs generated against brush bor- 
der myosin I (BB myosin I) (Fig.  5). The mAbs, CX-1 and 
CX-2,  which  recognize epitopes  localized to  the  25  kD 
NH~-terminal,  head  domains  of both  BB  myosin I  and 
skeletal muscle myosin II (Carboni et al., 1988) also recog- 
nized p190 from all three species. Brain myosin II from chick 
was also labeled by these mAbs. Thus, there is a conserved 
epitope shared between three distinct myosins (i.e., chick BB 
myosin I, rabbit skeletal muscle myosin II, and chick brain 
myosin II) and p190  from all three species examined. In- 
cluded as a control, a mAb specific for the tall region of BB 
myosin  I, CX-7 (Hayden et al., 1990), did not react with p190 
from any of the species. 
p190 Is Selectively  Cleaved by Calpain 
Calpain is a Ca2+-dependent protease whose substrates in- 
clude many calmodulin-binding  proteins (Wang et al., 1989). 
Thus, it was of interest to verify if p190 was also a substrate 
for this protease. Indeed, p190 and a high molecular weight 
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and actin on a Sephacryl S-500 column. (A) SDS- 
PAGE analysis of fractions from rabbit BAM ap- 
plied to a Sephacryl S-500 column shows the iso- 
lation of brain  myosin II, p190, and brain  actin. 
BAM from 12 rabbits was solubilized in buffer C 
(25  mM Tris-HC1, pH 7.8, containing  600 mM 
KCI, 5 mM MgCI2, 45 mM Na4P2OT, 5 mM ATP, 
0.2  mM  PMSE  and  3 mM 2-mercaptoethanol). 
The clarified  supernatant  (20,000 g  for 30 min) 
containing  10-13 mg of protein was applied to a 
column of Sephacryl S-500 (2.1  ￿  117 cm) equili- 
brated and eluted with buffer C containing 2 mM 
ATE 5-ml fractions were collected and pooled as 
indicated in the  figure: pool 1, brain  myosin II; 
pool 2, p190; pool 3, brain actin.  (B) The pooled 
fractions were dialyzed against 25 mM Tris-HCl, 
pH  7.8, containing  0.2  mM  PMSF  and  3  mM 
2-mercaptoethanol  and concentrated  by evapora- 
tion from a dialysis sack hung in front of an airstream  in the coldroom.  Brain myosin II (lane 1) and pl90 (lane 2) were collected by 
centrifugation (10,000 g for 15 min) and resuspended in 25 mM Tris-HC1, pH 7.8, containing 400 mM KC1. The final yield of p190 was 
100-200/zg from 12 rabbits. LCs, brain myosin II light chains. 
protein which we suspect to be fodrin, a well-characterized 
calpain substrate (Harris and Morrow,  1990),  were readily 
cleaved by calpain in the presence of Ca  2§  whereas myosin 
II heavy chain,  actin,  and  endogenous  calmodulin  in  this 
same sample remained intact under these conditions  (Fig. 
6).  Several relatively stable peptides  were generated from 
p190 by calpain, as indicated by arrowheads to the right of 
the figure,  which were identified by probing immunoblots 
with pl90-reactive antibodies (data not shown). 
p190 Is Enriched in Adult Rat Brain and Detected 
in 11-d-old Embryos 
To evaluate the tissue distribution and relative abundance of 
p190 in the rat, Western blots of homogenates from several 
brain regions as well as other tissues dissected from adult 
rats were probed with anti-pl90 polyclonals. As can be seen 
in Fig. 7 A, p190 is easily visualized in most brain regions 
but not in the other tissues examined, although a faint signal, 
not  revealed  on  the  photograph,  could  be  seen  on  the 
nitrocellulose for several of these tissues,  p190 expression 
during embryonic development was also examined by immu- 
noblots (Fig. 7 B) and was detected in rat embryos as early 
as 11 d post coitus, increasing rapidly after day 15. Consider- 
ing immunological identity,  these results indicate that p190 
is relatively abundant in brain tissue  in comparison to the 
other tissues  examined and  is expressed early in  develop- 
ment. However, p190 does not represent a major protein in 
any of the tissues so far analyzed,  including brain. 
p190 Is Demonstrable by Immunocytochemistry 
in Purkinje Cells of the Cerebellum 
Polyclonal antibodies  generated against p190  electroeluted 
from SDS-PAGE gels were quite specific for p190 on West- 
ern blots of whole brain homogenates, as shown in Fig.  8. 
For immunocytochemistry studies, we further purified these 
antibodies by affinity purification (see Materials and Meth- 
Table L ATPase Activities of  pl90 and Brain Myosin H Fractions from the Sephacryl S-500 Column 
ATPase activity  (nmol Pi/mg per rain) 
p190  p190  Brain myosin II  Brain  myosin II 
+  +  +  + 
Assay conditions  p190  Brain actin  Skeletal  muscle actin  Brain  myosin II  Brain actin fraction  Skeletal  muscle actin 
Mg-ATPase 
No additions  10 5- 7 (2) 
+Ca  6 5- 4 (3) 
+Ca, CaM  13  5- 6 (3) 
+Ca, CaM, TFP  13" 
K-EDTA ATPase 
0.06 M KCI  53  5- 21 (4) 
0.6 M KCI  47 5-  12 (4) 
19  5-  11  (2)  35  5-  23  (3)  33  5-  14 (3)  23  +  9  (2)  30  5-  8  (3) 
122  5-  22 (2)  64  5-  17 (2) 
191  5-  3  (2)  96  +  36 (3)  42  +  15  (3)  77  5-  19 (2)  72  5-  16 (3) 
43*  36* 
62  -t-  19 (4) 
450  5-  63 (4) 
Average values +  SD of reactions done in duplicate for the number of preparations given in parentheses. ATPase assays were performed as described in Materials 
and Methods for reactions containing 32/Lg/ml of p190 pooled fraction  from the Sephacryl S-500 column, 50/~g/ml of brain myosin, 60/zg/ml of brain actin 
fraction, and 160 tzg/ml of purified skeletal  muscle aetin as indicated.  The brain actin fraction  was adjusted to 50 mM KCI and 5 mM MgCI2 before addition  to 
the reaction media to induce polymerization to F-actin. ATP hydrolysis attributable to brain or muscle actin alone was determined in separate reactions to be <4% 
of the ATP hydrolysis of p190 plus brain actin. 
* Average value of duplicate assays of a  single preparation. 
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for p190  as judged  by  their  reaction  on  Western  blots  of 
whole brain  homogenates  (Fig.  8).  The preabsorbed  anti- 
body solution at the same dilution as the original solution no 
longer recognized p190 and was therefore used as a control. 
The  affinity-purified  p190  antibodies  strongly  stained  the 
molecular layer and Purkinje cells of rat cerebellum in histo- 
logical slices prepared form both frozen and paraffin-embed- 
ded tissues (Fig.  9).  In frozen sections,  a  weblike structure 
and some cell bodies were labeled in the granule cell layer. 
In many cases, dendritic extensions and branches of the Pur- 
kinje cells could be followed distally, well into the molecular 
layer. This staining was not observed in control slices treated 
with the preabsorbed antibody  fraction. 
Figure  4.  p190 induces actin sedimentation and cosediments with 
actin in an ATP-sensitive manner. The low-speed actin sedimenta- 
tion assay was performed as described in Materials and Methods. 
Lane I  shows a sample of the p190 fraction used in this assay, puri- 
fied from a Sephacryl S-500 column, concentrated five times by 
precipitation in 5 % TCA and 0.15 % deoxycholate (Peterson, 1983) 
and solubilized in SDS-PAGE sample buffer.  Supernatants (s) and 
pellets  (p)  of the  following  experiments  were analyzed by SDS- 
PAGE: (lane 2) purified muscle F-actin alone; (lane 3) F-actin plus 
p190 in the presence of ATP; (lane 4) F-actin plus p190 in the ab- 
sence of ATP. Traces of tropomyosin (36 kD) can be detected by 
SDS-PAGE  in the purified actin preparation. 
Figure  5.  p190  is  recognized  by 
mAbs specific for the head domain of 
myosin. Immunoblot analysis of PEP 
samples after SDS-PAGE on 7% gels 
probed with mAbs generated against 
(BB myosin I). Sets of rabbit skeletal 
muscle myosin (a) and PEP samples 
from rabbit (b), rat (c), and chick (d) 
brains on Western blots were probed 
with mAbs specific for the head do- 
main  (mAb  CX-1, set  1,  and  mAb 
CX-2,  set  2)  or  tail  region  (mAb 
CX-7, set 3) of BB myosin I and de- 
veloped  with  anti-mouse,  alkaline 
phosphatase conjugate. 
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In this paper we describe the biochemical and immunologi- 
cal  properties  of  a  novel  calmodulin-binding  myosin  en- 
riched in neuronal cells of the vertebrate central nervous sys- 
tem.  Similar to other known nonmuscle myosins,  p190 has 
MgATPase activity which  is activated by actin in the pres- 
ence  of Ca  2+  and  calmodulin.  Also,  ATP-sensitive  cross- 
linking of muscle F-actin by p190 has been demonstrated by 
Figure 6. p190 is selectively cleaved by calpain. SDS-PAGE analy- 
sis of the proteolysis of p190 by calpain was made on :samples from 
rat brain containing equivalent amounts of p190 and brain myosin 
II, 1.5 rag protein/ml,  and incubated with calpain (0.1 mg/ml) at 
27~  in 25  mM Tris-HC1, pH 7.2,  containing  1 mM DTT. The 
reaction was initiated  by the addition of Ca  2+ to 5  raM;  aliquots 
were removed at 2, 4, 10, and 60 rain as indicated and stopped by 
mixing with SDS-PAGE sample buffer containing  10 mM EGTA. 
An aliquot  removed before Ca  2§  addition  is indicated  as time 0. 
Arrow to the left of the figure indicates a  high molecular weight 
polypeptide which like  p190 was also rapidly proteolysed by cal- 
pain. Polypeptides generated from p190 were identified  by immu- 
noblots probed with antibodies which  recognized p190 (data not 
shown)  and are indicated  by arrowheads to the right of the figure. 
Figure  7. p190 is enriched in homogenates from various brain regions and can be detected in embryo brain. (,4) Immunoblot analysis of 
total homogenates of adult rat tissues and brain regions probed with anti-p190 polyclonal antibodies. SDS-PAGE  samples were prepared 
from homogenates of freshly dissected tissues in buffer A (see Materials and Methods), boiled for 2 min, ultrasonicated to break up DNA, 
and stored frozen until used.  Samples were loaded in nearly equal amounts (35 t~g) of total protein.  Forebrain (a), cerebral cortex (b), 
olfactory bulb (c), corpus striatum (d), hippocampus (e), hypothalamus (f), hypophysis (g), coUiculus  (h), pons (i), medulla f  j), cerebel- 
lum (k), spinal cord (l), thymus (m), adrenal gland (n), ovary (o), testis (p), uterus (q), pancreas (r), lung (s), spleen (t), liver (u), kidney 
(v), heart (w),  stomach (x),  and ileum (y). (B) Immunoblot analysis of total homogenates of embryos and fetal rat brains probed with 
anti-p190 polyclonal antibodies. Whole embryo, 10 d post coitum, embryo head, 11 d post coitum, and embryo brain, 12-16, 18, and 19 d 
post coitum, as consecutively indicated on the photograph, and adult brain (A). 
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anti-pl90 polyclonal antibod- 
ies are monospecific.  Charac- 
terization of polyclonal anti- 
bodies generated against p190 
was  done  on  Western blots 
of whole brain homogenates. 
Lane  1  shows a  Coomassie 
blue-stained  gel of  whole  brain 
homogenate. Lanes 2-4  are 
immunoblots of whole brain 
homogenates  probed with  poly- 
clonal antibodies  against p190, 
diluted 1:1,000 (lane 2), with 
the preabsorbed antibody  frac- 
tion, diluted 1:1,000 (lane 3), 
and with affinity-purified  anti- 
p190  fraction,  diluted  1:20 
(lane 4). 
the low-speed sedimentation assay. Structural homology be- 
tween p190,  BB myosin I,  skeletal muscle myosin II, and 
brain myosin II has been demonstrated by cross-reactivity of 
a series of mAbs, generated against chicken BB myosin I, 
with specificity for epitopes in the head domain (Carboni et 
al., 1988). Thus, p190 has the critical enzymatic, structural, 
and actin-binding properties characteristic of myosins. 
On the other hand, our data also show that p190 is a novel 
protein with properties clearly distinct from brain myosin II, 
BB myosin I, and known myosins from vertebrate tissues. 
p190 has a distinct migration on SDS-PAGE and can be sepa- 
rated from myosin II by gel filtration chromatography (Fig. 
3;  Larson et al.,  1988).  Also, p190 does not have typical 
myosin-like K-EDTA ATPase activity as does brain myosin 
II (Table I) and other vertebrate myosins. Calpain selectively 
cleaves p190 but not brain myosin II (Fig. 6). Polyclonal  anti- 
bodies against p190 do not recognize brain myosin II (Fig. 
2), myosins II from skeletal, cardiac, and smooth muscle, or 
BB myosin I (Fig. 7 A and results not shown). Nor is p190 
recognized by polyclonal antibodies against brain myosin II 
(Larson et al.,  1990),  platelet myosin (Fig.  2),  or mono- 
clonals against the tail region of BB myosin I (Fig. 5). 
p190 Binds Calmodulin 
Our  biochemical studies have shown that p190 copurifies 
with calmodulin as a stable complex. Gel filtration chroma- 
tography shows the coelution ofpl90 and calmodulin in frac- 
tions well above the exclusion limits of free calmodulin, im- 
plicating the association of p190 and calmodulin during the 
chromatography (Fig.  3; Larson et al.,  1988).  In prepara- 
tions where p190 was enriched and brain myosin II was ab- 
sent,  polypeptides in the  16-20-kD  range other than cal- 
modulin were not detected in SDS-PAGE  gels,  suggesting 
that calmodulin is the analogous light chain of this myosin- 
like protein.  In comparison with other known calmodulin- 
binding proteins, p190 is most similar to the heavy chain of 
BB myosin I, in that calmodulin remains bound in the ab- 
sence of Ca  2§  Indeed, all buffers used for purification con- 
tain EGTA. However, some loss of bound calmodulin during 
the purification of p190 appears to be occurring (see Fig. 3); 
similar variability in calmodulin content has been observed 
during purification of  BB myosin I (for review and references 
see Mooseker et al.,  1991). Future studies are required to 
define the precise stoichiometry of pl90-calmodulin interac- 
tion, and to determine how that association might be regu- 
lated by  such  factors  as  Ca  ~*  and p190  phosphorylation. 
For example, it will be important to determine if, like BB 
myosin I, partial dissociation of its calmodulin light chains 
occurs at elevated Ca  2+ (Collins  et al.,  1990;  Swanljung- 
Collins and Collins,  1991). 
Actin-activated ATPase Activity of  plgO Requires 
Ca2§  Factors 
In the presence of Ca  2§  actin activates the MgATPase ac- 
tivity of p190 purified from rabbits on a  Sephacryl S-500 
column,  Since  calmodulin  copurifies  with  p190  in  the 
column fractions and since TFP at low concentrations (50 
/zM) inhibits the Ca  2+ effect,  it seems reasonable to con- 
clude  that  the  stimulatory  effect of Ca  2+  occurs  via  the 
bound calmodulin. Addition of purified bovine calmodulin 
further stimulated the ATPase activity indicating that either 
the functional sites were not fully occupied by endogenous 
calmodulin  or  other  factors  utilizing  soluble calmodulin 
were  coming  into  play.  Phosphorylation  of myosins  by 
calmodulin-dependent kinases is  a  well-known regulatory 
process for smooth and nonmuscle myosins. In fact, we pre- 
viously reported that p190 is a phosphoprotein substrate for 
calmodulin-dependent kinase II under conditions where the 
ATPase activity is highly stimulated by Ca  ~§ and calmodu- 
lin (Larson et al., 1990).  Recent experiments in our labora- 
tory  have  shown  that  under  conditions  where  p190  was 
highly phosphorylated,  EGTA  or  TFP  still  inhibited the 
MgATPase activity to basal levels  (Espindola,  E  S.,  and 
R.  E.  Larson,  unpublished observations),  indicating that 
phosphorylation was not in itself sufficient to activate the 
ATPase activity. Although these experiments do not directly 
address what role phosphorylation may have in p190 activity, 
they do suggest that factors other than phosphorylation are 
essential. In summary, our data suggest two ways in which 
CaWcalmodulin may regulate p190 activity: (1) via calmod- 
ulin directly bound to sites on the p190 molecule, and (2) 
via phosphorylation by Ca2+/calmodulin-dependent protein 
kinase II. 
In conclusion, the studies presented here establish that the 
pl90-calmodulin complex possesses biochemical properties 
characteristic of a myosin but with properties unique from 
that  for  conventional  brain  myosin  II.  The  calmodulin- 
binding properties of p190 suggest that it may be a member 
of an emerging class of unconventional myosins that contain 
calmodulin light chains. In addition to BB myosin I, newly 
characterized  members  include  myosins  I  purified  from 
adrenal  medulla  (Barylko  et  al.,  1992)  and  renal  BBs 
(Coluccio,  1991). Two  other possible calmodulin-binding 
myosins, based on the presence of BB myosin I-like cal- 
modulin-binding domains, include the predicted proteins en- 
coded by the MYO2 gene of S. cerevisiae (Johnston et al., 
1991) and the dilute gene of mouse (Mercer et al., 1991). In 
the next paper in this series (Espreafico, E., R. Cheney, M. 
Matteoli,  P.  De  Camilli,  R.  Larson,  and  M.  Mooseker, 
manuscript in preparation) we will present results of the mo- 
lecular cloning of  chick brain p190 (European Molecular Bi- 
The Journal  of Cell Biology.  Volume 118, 1992  366 Figure 9.  Photomicrographs  of coronal sections through rat cerebellum  incubated with anti-pl90  IgG and developed  by the reaction of 
alkaline phosphatase conjugated to anti-rabbit IgG, A, B, and C are frozen sections and D, E, and F are paraffin-embedded sections.  A/B 
and DIE are paired sequential  sections incubated with preabsorbed anti-pl90 IgG (A and D) as controls and affinity-purified anti-pl90 
IgG (B and E). C and F are enlargements showing the intense decoration of Purkinje cell perikarya and dendritic extensions by anti-pl90 
antibodies, m, molecular layer; g, granular layer; and p, Purkinje layer in cerebellum.  Bars, (A, B, D, and E) 200 #m; (C and F) 20/~m. 
ology Laboratory sequence accession No. Z11718), demon- 
strating that p190 is, in fact, a chick homolog of the mouse 
dilute protein. Thus the present study represents the first bio- 
chemical characterization of a member of this novel class of 
calmodulin binding, unconventional myosins. 
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